Chloroplast DNA variation in the Arctic plant species Dryas integrifolia (Rosaceae) was analysed in relation to both the present-day geographical distribution of populations and to Pleistocene fossil records of this species. The phylogeographical structure was weak but the analysis of haplotype diversity revealed several groups of haplotypes having present-day geographical ranges that overlap locations postulated from geographical and fossil evidence to have been glacial refugia. Based on this information we infer that two important refugial sources of Arctic recolonization by this species were Beringia and the High Arctic. Two other putative refugia, located southeast of the ice sheet and along coastal regions of the eastern Arctic may have served as sources for recolonization of smaller portions of the Arctic. The genetic substructure in the species is mostly due to variation among populations regardless of the ecogeographical region in which they are found. Spatial autocorrelation at the regional scale was also detected. High levels of diversity both within populations and ecogeographical regions are probably indicative of population establishment from several sources possibly combined with recent gene flow.
Introduction
The advance and retreat of glaciers has had a significant influence on the distribution, abundance and diversity of high latitude biota. The massive physical and climatic changes associated with glaciation led to continentalscale migrations and reductions in population sizes followed by recolonization and population expansion as the glaciers retreated (Pielou 1991) . While the biogeographical histories of several boreal plant species have been investigated using palynological and molecular methods (e.g. Soltis et al . 1992a Soltis et al . , 1997 , Arctic plants have received comparatively little attention. During the last (Wisconsinan) glaciation (65 000 -10 000 years bp ) many present-day Arctic species probably survived at the periphery of the ice cap that covered a large portion of North America. Eric Hultén (1937) proposed that most Arctic plant species survived the Wisconsinan glaciation in a single large refugium called 'Beringia', the land bridge between America and Asia created by Pleistocene sea level decline, and now filled by the Bering Sea. Hultén hypothesized that following the retreat of the glaciers, propagules from these refugial populations dispersed from Beringia to recolonize much of the Arctic. This hypothesis is well accepted, although it has not been rigorously tested (Ritchie 1987 (Ritchie , 1992 .
More recently, in the light of new fossil and climatological evidence, several authors have suggested that other refugia existed on the edge of the ice margins in locations quite distant from Beringia. These putative refugia include the following regions ( Fig. 1): (1) north of the ice sheet in the High Arctic Archipelagosome of these islands were covered by small independent ice caps instead of one massive ice sheet, and may have persisted as ice free (Parks Canada 1994); (2) in the eastern Arctic where glacial margins may have been punctuated by icefree oceanic headlands and mountain peaks (Murray 1987 )these 'nunataks' probably extended from Baffin Island southward to the Gulf of St. Lawrence in the east, as well as to western and eastern Greenland (Funder 1979; Holland 1981; Murray 1987) ; (3) southeast of the ice sheet where numerous fossil plants with Arctic affinities have been recovered since the early 1960s (e.g. Argus & Davis 1962; Ritchie 1987 )this refugium would have been restricted to a thin band of tundra immediately south of the ice, extending from Iowa to New Jersey (Ritchie 1992) ; and (4) high elevational zones in the southern Rocky Mountains (Mooney & Billings 1961) .
Refugia have traditionally been inferred from the discovery of fossil remnants. Such discoveries, however, do not imply that the refugium in question necessarily was a principal source of migrants for recolonization. The so-called 'southeast refugium' is a case in point. Here it appears that elements of the Arctic flora closely followed the retreating ice margin for some distance inland (Flint 1971) . But the final extent of this migration is difficult to determine from fossil evidence alone. For instance, Fig. 1 Geographical locations of postulated glacial refugia and fossil deposits of Dryas integrifolia. Solid and dotted lines indicate the position of the ice sheet edge at 18 000 years bp (Dyke & Prest 1987) , and the present-day range of the species, respectively. Asterisks indicate the positions of disjunct populations. Macrofossil localities are shown by date of the deposit, as follows: crosses for localities dating from the Pliocene to the last glaciation; solid squares for localities dating from the full glacial period (65 000 years bp to 18 000 years bp); open squares for localities dating from the late and postglacial period (18 000 years bp to present). Pollen records are shown by date of the deposit, as follows: solid circles for localities dating from the full glacial period; open circles for localities dating from the late and postglacial period. See Tremblay (1998) for full details.
advancing postglacial populations of Arctic plants could have been competitively excluded by already established communities of temperate and boreal plants (Given & Soper 1981) , or significant population reductions could have reduced their capacity to adapt to new habitats. Thus, other types of evidence (e.g. genetic data) are needed to assist in the reconstruction of the biogeography of the Arctic flora.
Genetic lineages are often geographically localized and may share a common history, such as episodes of vicariance, major migrations and recent population expansions (Avise et al . 1987; Avise 1994) . Accordingly, it is possible to use molecular tools to infer the biogeographical histories of a variety of plant and animal species (e.g. Bernatchez & Dodson 1991; Avise 1992; Demesure et al . 1996; Soltis et al . 1997 ). In the case of plant studies, restriction site analysis of chloroplast DNA (cpDNA) has emerged as a popular technique for phylogenetic reconstruction below the family level (Soltis et al . 1992b) . Chloroplasts are typically transmitted via the ovules but not the pollen. In theory, this allows geographical migration patterns due to seed dispersal to be teased apart from (more recent) gene flow caused by exchange of pollen (McCauley 1995) . Moreover, the production of universal polymerase chain reaction (PCR) primers for highly variable noncoding regions of the chloroplast provides an important tool for the study of intraspecific variation. The primers are located in conserved regions of the cpDNA genome that flank regions of relatively high substitution rate (Dumoulin-Lapègue et al . 1997 ).
As we were unable to investigate all major elements of the Arctic flora, we focused our attention on one commonly occurring and widespread Arctic plant species, Dryas integrifolia M. Vahl. (Rosaceae). D. integrifolia is a long-lived perennial that is distributed widely across the northern half of North America and coastal areas of Greenland (Porsild 1947; Hultén 1959; Porsild & Cody 1980) . It is a ubiquitous pioneer species, distinctly calciphilous and most abundant on barren, rocky or gravely substrates. D. integrifolia was selected because it is abundant, widespread and easy to collect. Here we infer aspects of the full glacial (during the maximum extent of glaciation) and postglacial migrational history of D. integrifolia. Our analysis was based on information obtained from molecular characterization of cpDNA, the fossil record, taxonomic diversity and plant distribution records. In particular, we examined the evidence for one refugium (Beringia) vs. multiple refugia.
Materials and methods

Sampling of plant populations
During the summers of 1995 and 1996 seeds were collected from 42 populations from across the range of the species (Table 1 ). Collections were made by the first author and several volunteers (Tremblay 1998) . Because characterizing individual plant variation in the cpDNA genome is costly and labour intensive, we were limited to a sample size of ≈ 80 individual plants. This sampling effort was distributed evenly over the 42 populations (two individuals per population). This approach allows a better discrimination of continuous range expansion from long-distance colonization, although a shortcoming is that regions of higher than average diversity (e.g. possible refugial populations) are difficult to detect. When analysing genetic substructure, it is more efficient to sample many populations rather than many individuals per population (Pons & Petit 1995; Templeton et al . 1995) .
Detection of cpDNA variation
Mini-genomic DNA extractions using 10 -15 mg of fresh or frozen leaves, seeds, or dried flowers, were performed following a modification of the protocol described by Jobes et al . (1995) . PCR was used to isolate specific noncoding regions of cpDNA (Table 2 ). Six different pairs of universal primers were used, as described by Taberlet et al . (1991) , Demesure et al . (1995) Amplifications were performed using a Stratagene RoboCycler Gradient 96. An initial denaturation of 4 min at 95 ° C was followed by 35 cycles of denaturation (1 min at 95 ° C), annealing (1 min at 40 -60 ° C; optimal temperature varies with the primer used), and extension (2 min at 68 ° C). The reaction was completed by 7 min of extra extension at 68 ° C. The PCR products (5 -10 µ L) were digested overnight using 2 units of each of several different 4-bp cutter restriction enzymes (in separate digestions) ( Table 2 ). The resulting fragments were separated using 3.5 -8% polyacrylamide gels run for 5 -7 h at 160 V. The various gel concentrations and migration times were adjusted to optimize the resolution of the bands of interest (Tremblay 1998) . The gels were stained using ethidium bromide, visualized under ultraviolet (UV) light, and photographed with Polaroid Instant Pack Film (8.5 × 10.8 cm). Band sizes were estimated by regression analysis of migration distances of fragments of known length (Gibco 1 kb ladder).
The digestion profiles from all polymorphic combinations of restriction enzymes and PCR primers tested were used to construct composite haplotypes (i.e. unique combinations of fragment length variants evident when all polymorphic fragments are compared simultaneously).
Phylogenetic analyses
Phylogenetic relationships among individual plants and among haplotypes were examined. Both parsimony and phenetic distance analysis were conducted with the program package paup version 4.0b (Swofford 1998) . The distance analysis was based on the matrix of the presence and absence of the different fragments observed with each polymorphic primer pair-restriction enzyme combination (Tables 2 and 3 ). The neighbour-joining algorithm was used in tree construction. For the parsimony analysis, the characters (presence or absence of fragments) were treated as unordered and equally weighted. Both the branch and bound and exhaustive search algorithms were used for tree construction, together with bootstrapping to assess the level of support for internal nodes. 
Analyses of population substructure and geographical relationships among haplotypes
Genetic diversity was quantified using indices of population diversity and subdivision for haploid loci (Nei 1987; Pons & Petit 1995) . Two diversity analyses were conducted. In the first analysis, each haplotype was treated as a separate allele at a single haploid locus. The average intrapopulation diversity (H S ), total diversity (H T ), and degree of substructure (G ST ) were calculated using procedures appropriate for haploid loci (Pons & Petit 1995) ; G ST depends only on the frequencies of the haplotypes and not on their similarities. In the second analysis, the distances, p ij , between haplotypes (expressed as numbers of mutational steps separating the ith and jth haplotype, and normalized by the average pairwise number of mutational steps in the overall sample of haplotypes) were calculated. This allowed the calculation of intrapopulation diversity (V S ), total diversity (V T ), and the degree of substructure (N ST ) taking into account the degree of haplotype divergence (Pons & Petit 1996) ; i.e. N ST is influenced by both haplotype frequencies and the extent of mutational divergence among haplotypes. Statistical tests for departure of the parameter estimates from zero were performed by bootstrap resampling of populations (Efron 1982) . The Mantel test (Mantel 1967 ) was performed to determine whether genetic divergence among populations was correlated with the geographical distances separating them. Pairwise geographical distances were first calculated for each of the 42 populations, based on a trigonometric equation that assumes a perfectly spherical Earth, a simplification that introduced little error for the distances studied here. Genetic divergence between each pair of populations was calculated using haplotype frequencies and the haplotype × haplotype divergence matrix. The calculations follow Nei (1987; equation 10.21) , as implemented in the Restriction Enzyme Analysis Package (McElroy et al. 1991) . The sum of the products of element by element multiplication for the geographical and genetic distance matrices was obtained, and significance testing was conducted by Monte Carlo procedures; rows and columns of one of the two matrices were randomly permuted, and the sum of the products of element by (1) *Primer sequences published in: Taberlet et al. (1991) , Demesure et al. (1995) and Dumoulin-Lapègue et al. (1997) . †Roman numerals indicate variable sections of the chloroplast genome in Dryas integrifolia. These sections of the genome contained either one or two polymorphic sections, with lengths (in bp) as indicated. The numbers in parentheses are used to label fragments of different length (zero coded fragments are the most common). ‡The amplified region trnF-trnVr, once digested, had two different sets of polymorphic sections. They are considered as two different characters. Table 3 Haplotype characteristics as defined by the presence of particular restriction length variants for each polymorphic section of digested polymerase chain reaction (PCR)-amplified fragments (polymorphic fragments and sections defined in Table 2) Polymorphic section
element multiplication was recorded. This was performed 1000 times, and the distribution of the randomized crossproduct distribution was compared with that obtained from the actual (nonrandomized) data matrices (Smouse et al. 1986 ). Based on differences in climate and vegetation types, three major ecogeographical regions of the Arctic are recognizable (Scott 1995) : (1) high and medium Arctic polar desert; (2) the Low Arctic; and (3) all other locations south of the tree line (mainly boreal forest). Populations of Dryas integrifolia occur in all three regions. An analysis of molecular variance (amova) (Excoffier et al. 1992 ) was used to examine whether adaptation to different ecogeographical regions may have played a role in selecting different ecotypes of D. integrifolia. The principal aim of the amova was to examine how much of the variation in cpDNA haplotypes is associated with the different ecological groupings of populations. Strong differentiation in response to ecological habitat types could be interpreted as evidence for adaptive evolution in the chloroplast genome. To perform the analysis, the Euclidean squared distance matrix for distances among cpDNA haplotypes was calculated. The total sum-of-squares of the distances was apportioned into sum-of-squares at the among individual within population, among population within ecogeographical region, and among ecogeographical region levels. For the analysis, 1000 random permutations were performed to estimate the statistical significance of the variance components. The analysis was implemented using the winamova version 1.55 program package written by L. Excoffier (Excoffier et al. 1992) .
Fossil data
Information on the past distribution of D. integrifolia was obtained from two sources: (1) macrofossils (identified at the species level); and (2) pollen remains (identified only at the generic level). Macrofossil data and pollen data (locality and age of deposits) were extracted from the North American Macrofossil Database (S. T. Jackson, University of Wyoming) and the North American Pollen Database ( John Keltner, National Oceanic and Atmospheric Administration, Boulder, CO).
Results
Geographical distribution of cpDNA haplotypes
Restriction site variation was not observed in this study, but several short insertion-deletion polymorphisms were apparent among the PCR-amplified fragments ( Table 2) . Based on the profile of presence and absence of the different length variants, 20 composite cpDNA haplotypes could be distinguished (Tables 2 and 3 ). These composite haplotypes were assigned the letter codes A-V. Nine of them were present at more than one geographical locality. Several (A, D, and K) were widespread, while other haplotypes were restricted to a few locations (Fig. 2) . For example, haplotype E was found only in the western Arctic and the Rocky Mountains, haplotype H in the Arctic Archipelago, haplotype L in Greenland, and haplotype P in the eastern Arctic. Some haplotypes exhibited disjunct distributions (Fig. 2) . Haplotype B was found near the Hudson Bay as well as in the Rocky Mountains, while haplotype C was found in Alaska and in the Hudson Bay region. Eleven haplotypes were found in only a single population. Haplotypes I, Q, S, T, U and V were restricted to coastal regions in the eastern Arctic, while G, M and N were restricted to the high elevations of the Yukon and British Columbia. Haplotypes O and R were found only in the Arctic Archipelago. It is notable that nearly twothirds of the populations sampled showed more than one cpDNA haplotype. The monomorphic population samples were primarily from the Low Arctic.
Phylogenetic analyses
When all 20 haplotypes were included the parsimony analysis produced a consensus tree without internal structure; i.e. star phylogeny. This was due in part to the relatively small number of characters employed and the restrictions faced on the numbers of individuals analysed. Some phylogenetic structure was detected when the analyses were limited to the more common haplotypes (those occurring in two or more populations). In particular, both the parsimony and distance analyses revealed two groups of haplotypes, one consisting of haplotypes B, C, E, and H and a second group with haplotypes D and L (Fig. 3) . The geographical distributions of these groups were not random with respect to the overall range of the species. The group B-C-E-H was found in Beringia, the Rocky Mountains, and the continental Northwest Territories ( Fig. 2A) , while the group D-L was found principally in the eastern Arctic, with one disjunct population in southeastern Canada (Fig. 2B) .
The neighbour-joining tree for all plants exhibited a similar clustering of largely western vs. largely eastern plants, as well as a centrally located group of plants (Table 1, Fig. 4 ). The western group was centred around Beringia, the Low Arctic, and Rocky Mountains, while the eastern group was centred around the High Arctic, especially north of the Hudson Bay, and including Greenland, northern Quebec and New Brunswick ( but with two plants in Beringia).
Analyses of population substructure and geographical relationships among haplotypes
A significant subdivision of population genetic diversity was detected in both the G ST and N ST analyses. Approximately half the total cpDNA haplotype diversity occurred at the among population level (Table 4 ). The value of N ST − G ST was not significantly different from zero. This indicates that at the local scale there was no significant tendency for haplotypes that were less divergent than average to co-occur in the same populations (Pons & Petit 1996) .
The Mantel test indicated that the geographical and genetic distance matrices for populations were significantly correlated. Specifically, the observed sum of cross-products fell into the top 1% of the randomized cross-product sums, indicating that there was a positive correlation between genetic and geographical distances arising from the tendency of populations with similar haplotypes to be located nearby one another.
The amova results (Table 5) show that the largest fraction of variance in haplotype diversity was accounted for by the among individual, within population level, followed by the among population, within ecogeographical region level. While the among region component of variance was significant at the P < 0.01 level, it accounted for only 7% of the overall variance in haplotype diversity.
Fossil data
Macrofossils were present in two major groups that were both spatially and temporally distinct (Fig. 1) . All reliably Fig. 4 Neighbour-joining tree of individual plants of Dryas integrifolia. The tree is midpoint rooted with branch lengths proportional to the mutational distances among plant chloroplast DNA (cpDNA) haplotypes. Individual plants are coded by population and individual numbers (e.g. plant 7.1 is plant 1 from population 7). For locations of individual plants see Table 1 . dated sites in the southeast are from the last glaciation (25 000 -2000 years bp) and are progressively younger from south to north, suggesting that Dryas integrifolia closely followed the retreat of the ice. Arctic sites are of various ages, dating from the Pliocene to the present, and include some interglacial deposits. This suggests that D. integrifolia was present and may have evolved in that region at the end of the Tertiary period. The record of pollen distribution (Fig. 1) was concordant with the macrofossil record. The pollen data also provided evidence for the presence of the genus in the Rocky Mountains, in the continental part of the Northwest Territories, and in Labrador (although it is possible that the pollen record here reflects the presence of the related species D. octopetala). Only two localities in the Arctic Archipelago have been described, principally because of a lack of investigation in the area. In all cases, the data suggest a rapid recolonization by one or more species of Dryas. The presence of deposits of Dryas sp. in Labrador dating from ≈ 19 000 bp suggests a possible refugium along the North Atlantic coast during the full glacial period (Lamb 1978) .
Discussion
Molecular and fossil evidence of four Arctic refugia
A central objective of this study was to combine molecular genetic and fossil evidence to learn about the full glacial and postglacial biogeographical history of Dryas integrifolia in the Arctic. As with other attempts to reconstruct evolutionary or biogeographical history, the nature of the present analysis is inferential, and alternative explanations for the observed patterns cannot be excluded with certainty (e.g. Gabrielsen et al. 1997) . We have attempted to arrive at the most parsimonious interpretation of the combined fossil, geographical, and molecular data. It should also be noted that the phylogeographical structure is apparently weak in this species, as indicated by the low value of N ST − G ST (Pons & Petit 1996) .
Given these caveats we believe that the results are compatible with the hypothesis that at least two refugia existed during the last glaciation, and that populations from each refugium may have contributed to the present-day distribution of the species. Most notably, the molecular data can be interpreted as support for Eric Hultén's (1937) proposition that Beringia was a major source for the recolonization of the Arctic. One distinct group of haplotypes (B-C-E-H) has present-day representatives in or around Beringia. Also, fossil evidence supports the claim that D. integrifolia survived glaciation in Beringia (e.g. pollen remains dating from 43 000 years bp have been found in Alaska). The results from the phylogenetic analyses are compatible with the hypothesis that descendants of populations originating in Beringia now occur in a large part of the Arctic. These populations are distributed in the Rocky Mountains and the continental part of the Northwest Territories, across the Arctic to Baffin Island and possibly as far as the eastern side of Hudson Bay (Figs 2 and 3) .
Hultén also suspected that the High Arctic remained unglaciated and that some plants survived there, but he observed that 'the Arctic Archipelago does not possess any endemic plants of its own, and it has played hardly any part as a centre [of dispersion]' (Hultén 1937) . It is notable that the High Arctic region contains as much taxonomic diversity of D. integrifolia and its relatives and as much molecular diversity of D. integrifolia as is found in Beringia, with several taxa having been described from the region north of Ellesmere Island. These include one new species, D. incisa (closely related to D. integrifolia), one subspecies, D. integrifolia Vahl. ssp. chamissonis (Speng.) Scoggan, and one variety, D. integrifolia var. canescens. Unlike the case of the Beringian refugium, there is no fossil evidence available to suggest that D. integrifolia survived glaciation north of the ice (Blake 1974) . This could be due to the small amount of fossil investigation in the area and the erosion of fossil-bearing deposits (Blake 1974) , or because coastal refugial sites have been flooded since the retreat of the glaciers. Support for a third refugium for D. integrifolia, the southeast refugium, is provided by a wealth of fossil remains found from New Jersey to Québec. The fossil record and the presence of disjunct populations of D. integrifolia in this area suggest that the species followed the ice retreat northward. The molecular evidence (the distinctly eastern group of cpDNA haplotypes) could be interpreted as supporting the existence of the southeast refugium which may have been the source of some of the *See text for a description of the genetic distance calculation. †Ecogeographical regions as described by Scott (1995) . ‡As determined by random permutation testing (1000 permutations) (Excoffier et al. 1992) . Table 5 Hierarchical analysis of variance of genetic distances between populations* populations found today in the eastern and central Arctic. Such a migration could have taken place via northern Québec or the western side of Hudson Bay, along the shores of proglacial lakes (Pielou 1991) as suggested by the distribution of fossils in Ontario (Fig. 1) .
A coastal refugium has also been postulated in the eastern Arctic. While no fossil evidence has been uncovered from this area, two aspects of the molecular data are compatible with the hypothesis. These are the discovery of an eastern group of haplotypes, and the high level of genetic diversity along the east coast of Canada and the west coast of Greenland (eight haplotypes are restricted to that region). There are two possible reasons why plants from the coastal portions of the range may not have been dispersed throughout the Arctic. First, the prevailing winds which probably assist dispersal, blow from the northwest, across the Canadian Arctic towards Greenland. Second, westward dispersal was probably blocked by the Arctic Cordillera, a chain of mountains running north-south and traversing Ellesmere Island, Baffin Island and Labrador.
Interconnections between refugia
The refugia of Beringia and the High Arctic might be considered part of the same complex of refugia. For instance, the outline of the ice sheet 18 000 years bp suggests a geographical corridor between the two (Fig. 1) . The present-day distribution of the haplotype group B-C-E-H overlaps the locations of both putative refugia (Figs 2  and 4 ). Moreover, both locations contain the subspecies D. integrifolia ssp. chamissonis.
Likewise, populations from the coastal and southeast refugia, may have formed a second, large refugial complex (Figs 2 and 4) . A geographical connection may have existed via the exposed region of the continental shelf between Nova Scotia and Newfoundland (Pielou 1991) . At the molecular level, there is a close relationship between the haplotypes from the areas concerned.
Genetic substructure of D. integrifolia
The large G ST and N ST values (Table 4) suggest that vicariance may have played a role in the evolutionary history of the species. Episodes of vicariance, resulting from the presence of the Wisconsin ice sheet for more than 55 000 years probably contributed to genetic differentiation across the range of D. integrifolia. While vicariance is no longer a factor, its past effects may have been important enough to influence the present-day genetic structure of the species.
Selection favouring different cpDNA haplotypes (or nuclear genotypes in linkage disequilibrium with them) could also have contributed to the observed population differentiation, especially in a species occupying such a wide range of ecological conditions. In this study, however, only a small fraction of the haplotype diversity (≈ 7%) could be accounted for by ecogeographical region (Table 5) , and so adaptation to climatic differences may have been a relatively minor contributor to population differentiation. This may be because of the relatively short time period since recolonization of the area.
For plant populations that have passed through recent episodes of range expansion, such as D. integrifolia, dispersal to newly established sites may be the most important factor influencing differentiation, especially for maternally inherited genes studied at small or medium geographical scales (Le Corre et al. 1997) . In this regard, it is notable that the Mantel test indicates the presence of significant spatial autocorrelation among populations, a result that is compatible with the hypothesis of stepwise range expansion.
Gene flow is the principal factor acting to reduce genetic differentiation between populations separated in the past (Slatkin 1987) . For an insect-pollinated plant such as D. integrifolia, pollen dispersal distances are likely to be limited. On the other hand, because the seeds of D. integrifolia are light, abundant, and possess a long plumose style well adapted for wind dispersal (Krannitz 1996) , seed dispersal distances may be significant. Indeed, windmediated dispersal is thought to be especially common in Arctic environments as barriers to dispersal are limited over flat snow-covered landscapes (Bonde 1969; Miller & Ambrose 1976; Glaser 1981) . There is evidence that seeds can be dispersed over thousands of kilometres (Savile 1972) , and animal transport may also be important (Crawford & Abbott 1994; Abbott et al. 1995) . That this may be so is evidenced by the distributions of several of the haplotypes of D. integrifolia, found across thousands of kilometres in the Arctic. Nevertheless, as the estimates of G ST and N ST and the Mantel test results suggest, the potential for long-distance seed dispersal has not been so high as to homogenize the geneotypic structure of the species across its range.
Arctic biogeographical history
This was the first study to apply molecular genetic methods to the question of postglacial biogeography of North American Arctic plants, a topic marked by much speculation. The results, although based on a small sample size and a limited number of characters, suggest a phylogeographical structure of populations that is not compatible with the single glacial refugium hypothesis. While there is support for Hultén's hypothesis that Beringia acted as the major source area for modern Arctic flora, there is also evidence for the contribution of other refugial sources. The last glaciation probably fragmented the range of D. integrifolia, whose populations appear to have survived in two complexes of refugia around the margins of the ice, from which widespread recolonization of the Arctic occurred. Descendants from different refugia appear to have then come into contact with one another especially in the central High Arctic populations. It is likely that this cycle (vicariance during glaciation and secondary contact during interglacial periods) repeated itself several times during the last two million years (Stebbins 1984 (Stebbins , 1985 Ritchie 1992) .
Is the biogeographical history of D. integrifolia representative of other Arctic species? Fossils of other Arctic plants (e.g. Saxifraga oppositifolia, Vaccinium uliginosum and Salix herbacea) are found along with many deposits of D. integrifolia from Beringia and the southeast refugium. Moreover, studies of Arctic animals (the fish Coregonus clupeaformis, collared lemming, caribou, and the fresh water invertebrate genus Daphnia), taken together suggest that up to five refugia existed around the ice during the last glaciation, with general locations corresponding to those proposed here for D. integrifolia (Bernatchez & Dodson 1991; Boileau & Hebert 1991; Eger 1995; Van Raay & Crease 1995; Ferguson 1996; Weider et al. 1996; Weider & Hobaek 1997) . But these groups represent only a small fraction of the biota of this region. Studies of the molecular phylogeny of other representative Arctic taxa should help to better document the biogeographical history of the Arctic.
